For example, in the hippocampus, both mKvl.1 and mKvl.2 proteins are present in axons, often near or at synaptic terminals in the middle molecular layer of the dentate gyrus, while only mKv1 .l is detected in axons and synaptic terminals in the hilarEA3 region. In the cerebellum, both channel proteins are localized to axon terminals and specialized junctions among axons in the plexus region of basket cells. Strong differential staining is observed in the olfactory bulb, where mKvl.2 is localized to cell somata and axons, as well as to proximal dendrites of the mitral cells. This overlapping yet differential pattern of expression and specific subcellular localization may contribute to the unique profile of excitability displayed by a particular neuron. [Key words: potassium channels, immunocyfochemistry, mouse brain] K channels play an important role in regulating the level of neuronal excitability. Voltage-gated K channels, in particular, function to shorten the action potential, to determine the frequency of repetitive firing, and to time the interspike intervals (Jan and Jan, 1989; Hille, 199 1) . The diversity of firing patterns displayed by neurons of the CNS is reflected in a wide variety of voltage-gated K+ currents that differ in their kinetics, voltage dependence, pharmacology, single-channel behavior, and other properties (Rudy, 1988) . Often, multiple types of K+ currents can be found in the same cell, and similar types of K+ currents can be found in different cells.
Molecular cloning of voltage-gated K channels from Drosophila has confirmed the presence of a diverse family of K channels (Kamb et al., 1987; Papazian et al., 1987; Baumann et al., 1988; Pongs et al., 1988; Schwarz et al., 1988; Timpe et al., 1988; Butler et al., 1989) . At least four subfamilies of voltage-gated K channel genes, homologous to the Drosophila genes Shaker, Shab. Shaw, and Shal, have been cloned from mammalian species (Tempel et al., 1988; Christie et al., 1989; Sttihmer et al., 1989; Chandy et al., 1990; Swanson et al., 1990; Pak et al., 1991; Hwang et al., 1992) . In situ hybridization and immunocytochemistry have demonstrated that several voltage-gated K channels are expressed in a cell-specific manner and are localized to specific subcellular regions (Trimmer, 1991; Drewe et al., 1992; Hwang et al., 1992 Hwang et al., , 1993 Sheng et al., 1992; Wang et al., 1993 ). This precise localization suggests that the expression of a specific K channel gene in a specific subcellular location is important for normal neuronal function.
mKvl.1 and mKvl.2 are two closely related K channels of the Shaker-like subfamily. When expressed in Xenopus oocytes, each of them gives rise to a fast-activating, slowly inactivating K+ current. However, the two channels have different thresholds of activation and kinetics of onset and recovery from inactivation. When coexpressed in Xenopus oocytes, they form heteromultimeric channels with distinct properties (Hopkins, unpublished observations) . This finding is in agreement with other reports that heteromultimeric channels can form within a K channel gene subfamily but apparently not between subfamilies (Christie et al., 1990; Isacoff et al., 1990; Ruppersberg et al., 1990; Covarrubias et al., 199 1) . The sequences responsible for specificity of assembly within the Shaker subfamily resides primarily in the hydrophilic N-terminal region (Li et al., 1992; Hopkins et al., 1993; Shen et al., 1993) .
Recently, these results have been extended to show that mKvl.1 and mKvl.2 proteins (Wang et al., 1993) as well as rKv 1.2 and rKv I .4 (Sheng et al., 1993) can form heteromultimerit channels in vivo. Given that the cellular and subcellular locations of the two channels are likely to contribute to the unique firing pattern of a particular neuron, we have conducted a detailed immunocytochemical study of mKv 1.1 and mKv 1.2 throughout the mouse brain. We find that some neurons express both mKv1. I and mKvl.2 in the same subcellular locations while others do not. The overlapping yet differential expression of mKvl.l and mKvl.2 may thus contribute to the diverse firing patterns of the nervous system.
Materials and Methods
Immunocytochemistr.v. Polyclonal antibodies recognizing mKvl. I and mKv 1.2, a-Kvl. I and ol-Kv 1.2, respectively, were made and purified as described by Wang et al. (I 993) . Briefly, antibodies were made against fusion proteins containing either the carboxy terminus of mKvl. I (73 aa) or of mKv 1.2 (74 aa). cu-Kv I. I sera were affinity purified against a fusion protein containing the carboxy terminus of mKv1. I, and then absorption purified against a fusion protein containing the carboxy terminus of mKvl.2. This procedure selected for antibodies that recognized mKv1. I but did not recognize mKvl.2. Reciprocally, ol-Kvl.2 was affinity purified against mKv 1.2; absorption purified against mKv I. 1. Based on Western blotting and immunoprecipitation assays, no crossreaction was seen for either purified antibody among mKv 1. I, mKv 1.2, or mKv I .3. the three most closely related voltage-gated K channel proteins of the Shaker-like subfamily.
Frozen sections (35 pm) from six C57BU6 mice were cut on a sliding microtome. Free-floating sections were processed for immunocytochemistry using the indirect peroxidase-antiperoxidase (PAP) technique of Stemberger (I 979) except that we used modified dilution buffer [3% BSA + 3% normal goat serum. 0.4% dimethyl sulfoxide, 0.05 M TBS (50 mM Tris, 150 mM NaCI, pH 7.4)] and longer incubation times (primary: 3 hr at room temperature followed by 96 hr at 4°C; rabbit IgG: 2 hr at room temperature followed by 48 hr at 4°C; rabbit PAP: 2 hr at room temperature followed by 24 hr at 4°C) to ensure complete tissue penetration by the antibodies. The antisera concentrations used were LY-KV I. 1 and ol-Kv I .2, 1:40: goat anti-rabbit IaG. 1: 150: and rabbit PAP, 1:250. The peroxidase/dia&nobenzidine reaction was'performed as previously described (Itoh et al., 1979) . Sections were mounted on polylysine-coated slides. As a negative control, sections were stained with antibodies preabsorbed with GST-I. I or GST-I .2 fusion proteins as described by Wang et al. (1993) .
Electron microscopic (EM) immunocytochemistry. Immunostaining reactions are conducted similarly as for light microscopy except that 80 pm sections were used. Following the immunostaining reaction, the sections were processed for EM as follows: sections were rinsed in 0.1 M sodium cacodylate (0.5 hr), and then postfixed with 1% 0~0, in 0.15 M sodium cacodylate (I hr), rinsed, dehydrated, and flat embedded in Medcast resin. Serial ultrathin sections (silver to light yellow interference color) were cut, stained with uranyl acetate and Reynolds lead citrate, and examined on a Philips 4 IO electron microscope.
In situ hybridization. Young adult C57BL/6 mice were decapitated, brains were carefully removed, and rapidly frozen in dry ice. Frozen sections (20 pm) were cut on a cryostat, then mounted onto 3-aminopropyltriethoxysilane-treated slides, air dried, and fixed with 4% paraformaldehyde in PBS (0.15 M NaCI, 0.1 M NaPO,, pH 7.4) for 10 min, and then briefly rinsed with PBS. The sections were acetylated with 0.25% acetic anhydride in 0.1 M triethanolamine (pH 8.0) for 10 min followed by dehydration through a graded alcohol series (70%, 95%, and loo%), delipidation in chloroform for 5 min, and treatment with 100% and then 95% alcohol. Sections were hybridized at 50°C in hybridization solution (50% formamide, 10% dextran sulfate, 0.3 M NaCI, IO mM Tris, I mM EDTA, IO mM DTT, 200 mg/ml yeast tRNA, and 2 pmoI/ml cRNA probes) with siliconized coverslips in a moist chamber. The coverslins were removed bv brief rinsing in 2 x SSC. Sections were then treated with 20 mg/ml RNase A in RNase buffer (0.01 M Tris, 0.5 M NaCI, 1 mM EDTA) for 30 min at 37"C, rinsed with 2x SSC, and then 0.1 x SSC at 55°C for I hr. Finally, sections were dehydrated through a graded series of ethanol containing 0.3 mM ammonium acetate and air dried. Slides were dipped in Kodak NTB-2 emulsion (diluted 1: 1 in water), stored at 4°C for 10 d, developed, and counterstained with hematoxylin blue.
The cRNA probe (riboprobe) for mKvl.1 was transcribed with T7 RNA polymerase from a plasmid that contains 252 base pair (bp) of mKv I. 1 sequence corresponding to 40 bp of 5 untranslated region and 212 bp from the amino terminal coding region. The cRNA probe for mKvl.2 was transcribed with T3 RNA polymerase from a plasmid containing 250 bp of the 3' untranslated region and 135 bp of the carboxyl terminus of mKv I .2. Each of these probes was shown to detect specifically the appropriate transcript on RNA (Northern) blots (data not shown). Riboprobes corresponding to sense-strand sequences from the same regions were used as negative controls; no specific staining was observed (data not shown).
Results
General distribution qf the mKvl.1 and mKv1.2 proteins in the mouse brain Each potassium (K) channel protein-mKvl.1 and mKvl.Zhas a unique pattern of distribution in the mouse brain ( Fig Table I ), mKv1. I and mKvl.2 proteins are also distributed in cell somata, unmyelinated axons, axon terminals, specialized junctions in axons, and in dendrites in specific areas of the brain.
In neocortex, both mKv 1. I and mKv 1.2 proteins are detected in fibers and neuropil (Figs. I cYL 2g, h). mKv 1. I staining is also present in a number of pyramidal cell somata in layers II, III, and V, with the most dense staining in somata of layer V (Fig.  2g ). Staining also appeared to associate with the apical dendrites ofthe pyramidal cells oflayer V. In situ hybridization ofmKv 1.1 shows strong expression in layer II, III, and V (data not shown; also see Tsaur et al., 1992) , supporting the view that the K channel proteins may be located within the dendrites. However, given the complex presynaptic input to the pyramidal cells, we cannot exclude the possibility that the staining may reflect expression in presynaptic terminals. Staining for mKv 1.2 protein was similar to that observed for mKv 1.1 in the neuropil; however, mKv I .2 channel protein was not observed in somata of the neocortex (Fig. 2h , Table 1 ).
In the neostriatum, distinct patterns of mKv 1.1 and mKv 1.2 expression are seen: (I) mKv I. I has a strikingly high level of expression in the ventral pallidum (VP) region (Fig. Ic,g ), while mKv 1.2 staining is not observed in Vp ( Fig. 1 e) ; (2) mKv 1. I is expressed at a relatively high level in the globus pallidus compared to the caudate/putamen region ( Fig In the brainstem, both mKv I. 1 and mKv 1.2 stain heavily in the juxtaparanodal regions of myelinated axons (Wang et al., 1993) . Both channels are localized in cell somata in some nuclei, e.g., soma within the cochlear nucleus (Fig. 3a,b,d ). However, as in the neocortex, mKv 1.1 stains more cell bodies than mKv 1.2 and does so in a number of brain regions including the nucleus of the trapezoid body (Fig. 3e) , mesencephalic trigeminal nucleus, principle sensory trigeminal nucleus, pontine reticular nucleus, spinal trigeminal nucleus, and vestibular nuclei ( Fig.   3a,b ; Table 1 ).
The regional expression patterns of mKv 1.1 and mKv 1.2 are summarized in Table 1 . In general, the pattern that emerges from this survey shows that staining by mKvl.1 is often prominent in cell somata, while staining by mKv I .2 is often equally strong ifnot stronger in many fiber tracts and regions ofneuropil.
As observed in the juxtaparahodal regions of the node of Ranvier (Wang et al., 1993) , the immunoreaction products of mKvl.1 and mKvl.2 are seen associated with the axon membrane as well as being present in the underlying cytoplasm (Fig. Figure 1 . General immunohistological localization of mKv 1.1 (Ie3 column) and mKv 1.2 (right column) in the mouse brain. a, Sagittal section stained with ol-Kv I. I. Labeled structures include hippocampus (H), thalamus (7'), globus pallidus (Gp), ventral pallidus (VP), substantia nigra (Sn), cerebellum (Cb). b, Sagittal section stained with cu-Kv I .2. Abbreviations are as in a, with the addition of olfactory bulb (Of) and accessory olfactory bulb (Ao). c and d, Coronal sections stained with a-Kv 1.1 (d more caudal than c) showing the immunoreactive signal in the cortex (C), hippocampus (H), globus pallidus (Gp), entopeduncular nucleus (Ep), thalamus (r), ventral pallidurn (VP), caudatelputamen (CPU) and fomix (F). Note the more intense staining in Gp/Vp than in CPU. e and x Coronal sections stained with a-Kv 1.2 (fmore caudal than e). Labels as above. Note absence of staining in ventral pallidum (VP) and hilar/CA3 region of the hippocampus (H). mu-Kvl.2 stains the caudate/putamen (CPU) and globus pallidus (Gp) with similar intensity. g. Higher magnification of the staining pattern for cu-Kv I. 1 in the globus pallidus (Gp) and ventral pallidum (VP). h, lmmunoreaction signal of cu-Kv1.2 in the olfactory bulb showing signal in the mitral cell layer and internal plexiform layer (boxed) as well as in the accessory olfactory bulb (Ao). i, Sagittal section stained with a-Kv 1.1 preabsorbed with GST-I. I fusion protein as a negative control. j, Higher magnification of boxed region in h. Note WKV I .2 staining in the proximal dendrites (arrows) of the mitral cells (M) and in the inner plexiform layer (1~). k, Fomix stained with a-Kv 1.1. Note the paired punctate staining at juxtaparanodal regions (arrows) .
1, Corpus callosum stained with ~Kvl.2. Again, note the paired punctate staining (arrows).
Magnification: a-fand i, 7.5 x ; g and h, 75 X; j-l, 150 x. ). This axoplasmic distribution is similar to that observed for Na channels (Hlack et al.. 1989 ).
In the olfactory bulb. a \'erq' distinct differential pattern ofstaining is seen for mKv1.l and mK\-I.7 (Fig. lil,j) . While mKvl.1 staining is not obserl-ed. rnK\, I .Z protein is expressed strongl) in the mitral and tufted cell layer or inner plexiform layer of the olfactor\-bulb. In mitral cells. staining is observed in cell somata. axons. as well as in the proximal dendrites (Fig. l17.j) . In agreement with this observation. strong signals are seen in mitral and tufted cells by i/7 .ritu hybridization Lvith mKv I .3 but not utth mK\ I.1 (data not sho\\n). In additton. the mK\ 1.7 protein is also expressed in the accessor) olfactor! bulb (Ftg.
Ih.17).
In the dentate glrus ofthe htppocampal formation. both mK\ 1. I and mK\ I.2 are present in the mtddle molecular laber (Fig.  2c.cl) . Inspection ofthe statntng at the electron microscoptc le\ el revealed that immunoreactton products of both mK\,l.l and mK\ I .3 are associated M tth fine axon processes. often at or near qnaptic zones (Ftg. -l/l). Somettmes. homwer. K channel proteins are also present in a narrw. neck-like region of the axon FIgf/w 7. Localization of mKvl_ I (/c$ ~~1~~1~~1) and mKvl.2 (rigl7t col~jrzn). a, In sitlc hybridization of mKv I. I in a horizontal section. showing expression in the pyramidal cell layer (C.4 I and CA3). in the dentate gyrus (DC). as well as in the entorhinal cortex (Ec). Note that the strongest signal is in the CA3 pyramidal cells. h. III sirlc hybridization of a horizontal section showing mKv I .2 mRN.A expression, Abbreviations are as in N. bate the relatively high level of expression in the medial entorhinal cortex (Ec). c. Coronal section stained with n-Kvl. I antibody. Note the immunoreacti\-e signal in the middle molecular layer (t)rt)t) of the dentate gyrus (DC) and in the hilar'CA3 region [oriens layer (Or) and radiatum (Ru) layer]. cl. Coronal section stained \vith ct-Kvl.2 showing immunoreactive products in the dentate g)-rus (middle molecular layer) and habenula (/la). c. Higher magnification of mKv I I staining in the dentate g):rus region. Note strong staining in a subset of intemeurons (arroics). ,1; Higher magnihcation of mKv I.2 staining in the dentate g)-rus region. g, Htgher magnification of a region from the cortex. comparable to hosed region in c'. Note staining for mKv 1. I in cell somata (rt~~~tt~/reu&) and in apical dendrites (un'oits). h. Higher magnification of a cortical region comparable to lwwi qiotr in d. In contrast to .y (a-K\-I. I). somata appear not to stain using cu-Kv I .2. Magnification: a-d. 30 x : e-h. 75 x of mKv1 .l and mKvl.2 Potassium Channel s i n Mouse Brain that is adjacent to a varicosity or a presynaptic zone ( Fig. 4~ ; data shown only for mKv 1.2). Occasionally, juxtaparanodal staining in myelinated axons is also seen in this region (data not shown). In sirlr hybridization shows that both mKv 1.1 and mKvl.2 mRNA are expressed, mKvl.2 more strongly, in the medial entorhinal cortex (Fig. 2a,h ). Based on these observations from in sifzl hybridization and from immunocytochemistry at both the light and electron microscopic levels, it seems most likely that the mKvl.1 and mKvl.2 proteins are located in perforant path axons and axon terminal zones in the middle molecular layer. mKv 1.1 also stains heavily in the hilarCA3 region, both in stratum oriens and stratum radiatum, as well as in the somata and projections of interneurons (Fig. 2~) . The signal discontinues at the junction between the CAl/CA3 regions (Fig. 2~ ). In agreement with this protein distribution, in sifu hybridization of mKv 1.1 shows that the mKv 1.1 mRNA is highly expressed in CA3 pyramidal cells and much less so in CA1 pyramidal cells (Fig. 2~) . Exclusive attribution of mKvl. 1 staining in CA3 region to the CA3 pyramidal cells is not clear cut, however, given that the CA3 strata oriens and radiatum contain mossy fiber axons and terminals from granule cells as well as axon collaterals and dendrites of CA3 pyramidal cells (and various other input fibers). In particular, in situ hybridization shows expression of both mKv 1.1 and mKv I .2 in granule cells; this distribution does not match. however, the differential staining for mKv1. I and mKvl.2 in the CA3 region. Possible explanations for this discrepancy between in situ and immunocytochemical observations include differential translational efficiency of the transcripts or differential levels of detection by any of the in situ probes or antibody probes used in these studies.
To understand better the nature of the staining in the hippocampus, we again conducted EM immunocytochemistry. At three different inspection sites in the hilarCA3 region, the mKv 1.1 immunoreaction product was associated with fine axons, often near or at synaptic terminals. Occasionally, reaction products were also seen throughout an unmyelinated axon. Juxtaparanodal regions of myelinated axons were also heavily stained. We found no evidence of the mKv 1.1 reaction product being associated with mossy fiber bundles or typical mossy fiber terminals (Fig. 4~) . Furthermore, we observed no staining of either channel protein in dendrites of the hippocampal pyramidal neurons; all staining was localized to axons and terminal processes (Fig. 4c-c) . Judging from these observations and observations by in sitar hybridization, it is most likely that the mKv 1.1 protein is associated with axon collaterals and terminals of CA3 pyramidal cells; we cannot exclude, however, the possibility that other input fibers also contribute to the staining pattern in the hilarCA3 region.
Cellular and subcellular localization qf mKvl.1 and mKvl.2 in the cerebellum Extensive overlapping of staining was seen for mKv 1.1 and mKv 1.2 in the cerebellum, particularly in the basket cell axon plexus and terminal regions around Purkinje cells ( Fig. 5u-c ; see also Wang et al., 1993) . EM immunohistological studies revealed that immunoreaction products were present at synaptic release sites onto the Purkinje cell soma, as illustrated in Figure  Sd , in addition, this same section shows reaction product associated with a zone of contact between two axons (Fig. 5d) . Similarly, dense reaction product was present on both sides of specialized junctions between basket cell axons in the Purkinje cell perisomatic plexus or pinceau region (Fig. 5c,e ; Palay and Chan-Palay, 1974 ). Since axons from several different basket cells are present in the same plexus, we cannot know whether the K channel staining that we observed was associated with junctions connecting axons from different basket cells or different branches of the same axon. In the cerebellar granule cell layer, mKvl. 1 and mKvl.2 were expressed in unmyelinated axons as well as in the juxtaparanodal regions of myelinated axons.
Discussion
In situ hybridization studies conducted by ourselves and others have shown that mKvl . 1 and mKv I .2 are expressed in a unique, yet overlapping subset ofneurons in the CNS (Mackinnon, 1989; Adams et al., 1992; Tsaur et al., 1992) . Consistent with their in situ hybridization patterns, mKvl. I and mKvl.2 channel proteins have unique distribution patterns in the mouse brain, yet these patterns overlap extensively in many regions. This colocalization in various brain regions corroborates and extends our recent demonstration that mKv 1.1 and mKv 1.2 proteins form heteromultimeric channels in riro (Wang et al., 1993) . Although the exact stoichiometry and physiological properties of these heteromultimeric channels are not known in viva, expression studies conducted in the Xenopus expression system have confirmed that these two channel proteins can form heteromultimeric channels that have distinct properties (Hopkins, unpublished observations) . When expressed alone, mKv 1.1 and mKv 1.2 each gives rise to a rapidly activating, slowly inactivating outward K'+ current. There is, however, a 10 mV difference in the threshold and voltage for half-activation between the two channels. A yet larger difference (-30 mV) in activation threshold is observed when these channels are expressed in transformed mammalian cells (Bosma et al., 1993) . Randomly assembled, heteromultimeric channels expressed in Xenopus oocytes have biophysical properties intermediate between those of mKvl.1 and mKvl.2 expressed alone, but quantitatively Figure 4 . EM immunohistological localization of mKvl_ I and mKv I .2 in the hippocampus. a, In the dentate middle molecular layer, oc-Kvl.2 immunoreaction product (solid straight arrobts) is associated with neck regions of an axon (a) adjacent to a varicosity (Vu) and a presynaptic zone contacting a dendritic spine head (s). In the synaptic zone (curved arrow) and a nearby axon (open arrow), the reaction product is located near regions where synaptic vesicles (r) are present. b, In the middle molecular layer, mu-Kvl.2 immunoreaction product is associated with presynaptic zones (curved urrows). Note the reaction product amongst the presynaptic vesicles (v) and near the presynaptic membrane specialization. Both immunoreactive boutons contact dendrite spine heads(s). lmmunoreaction product is also present along an axon (solidstraight arrow). Occasionally, it is associated with smooth ER (opan arrow). c. In the CA3a stratum lucidum region, cy-Kvl.1 reaction product is localized in a small axonal process (arrow) but does not appear to be associated with CA3 pyramidal cell dendrite (D) or mossy fiber terminals (MF). d, In the CA3c stratum lucidum and hilar region, n-Kv I. I reaction product is seen in a narrow region of the axon (arrow); however, no reaction product appeared to be associated with the presynaptic zone in this plane of section (open arrow). e, In the CA3b stratum oriens and pyramidale region, (Y-Kvl. I reaction product is in a varicosity of an axon in which synaptic vesicles (I*) are present (solid straight arrow). Weak reaction product is also present in a presynaptic zone of another axon/terminal (curved urrow) contacting a spine head (s). Scale bars: a, c, and d, 0.5 pm; b and e, 0.25 burn.
closer to the properties of the more abundant subunit (Hopkins unpublished observations). Thus, in the regions where mKv 1.1 and mKv I .2 expression overlap, factors influencing the availability ofeither subunit for assembly into heteromultimers might contribute to fine regulation of neuronal excitability.
Additional complexity and physiological fine tuning might arise from coexpression of multiple Shaker-like gene products, each of which contains the amino-terminal sequences that are thought to direct channel assembly within the Shaker subfamily (Li et al., 1992; Hopkins et al., 1993; Shen et al., 1993) . For example, the rat Kv I .2 and rat Kv I .4 have been shown to form heteromultimeric channels in vivo (Sheng et al., 1993) . rKv I .4 is expressed in the molecular layer ofthe rat dentate gyrus where mKvl. 1 and mKv 1.2 are also expressed. Thus, allowing for potential species variation in expression levels. one might assume that in the molecular layer, Kv I. I, Kv I .2, and Kv 1.4 could potentially form heteromultimeric channels with random combinations of three different subunits. While this diversity could be exploited by a cell to provide unique current properties, the consequences could also be detrimental in terms ofthe metabolic energy required to accurately assemble and localize each variant. One simplifying possibility is that, as has been shown for the GABA, subunit (Perez-Velazquez and Angelides, 1993) . one or more Shaker-like subunits may play a dominant role in directing heteromultimeric K channels to a specific subcellular domain.
.4.\-onal and terminal distribution qf K channel proteins
In myelinated axons, mKv 1. I and mKv 1.2 channel proteins are specifically localized in juxtaparanodal regions of the node of Ranvier, suggesting a role for these channels in the saltatory conduction properties of myelinated axons (Waxman and Ritchic, 1985; Black et al., 1990) . In the hippocampus and in the cerebellum, the channel proteins are also occasionally seen in unmyelinated axons. where they may also contribute to the repolarization of action potentials.
Electron micrographs from the hippocampus and the cerebellum show that mKv 1.1 and mKv 1.2 proteins are localized at or near synaptic zones. This localization may be important for repolarizing the membrane locally near or at the synaptic terminal and hence regulating the duration or amount of neurotransmitter release at a specific terminal. Occasionally, the proteins are also localized in a narrow, neck-like region of the axon near a varicosity or synaptic zone. It is possible that the presence of voltage-gated K channels in these regions may regulate action potential invasion of terminals and hence control local transmitter release in a calcium-independent manner. The possibilities are particularly strong in the hippocampus, where the K channel protein is associated exclusively with small axons and their terminals in the hilarCA3 region. EM data show no association ofeither mKv 1.1 or mKv I .2 proteins with the large, t The Journal of Neuroscience, August 1994, 14(8) 4597 distinctive mossy fiber terminals from granule cells. Rather, taking the light, EM, and in situ data together, these data suggest that in the mouse hippocampus, mKv I. 1 protein is associated with the fine recurrent axon collaterals of the CA3 pyramidal cells.
In the plexus of basket cell axons in the cerebellum, a unique pattern of mKv1. I and mKv I .2 expression is found. The channel proteins are specifically localized near specialized junctions that resemble septate junctions and are proposed to provide physical attachment and high-resistance cross-bridges between basket cell axons (Sotelo and Llinas, 1972) . Both K channel proteins examined here are present on both sides of these specialized junctions. One can only speculate about the function of the channels in these regions. One possibility is that they are involved in establishing a localized extracellular current flow that influences the membrane properties of other axons in the plexus. This type ofextracellular potential change has been studied in the goldfish, where collateral axonal activity passively hyperpolarizes the Mauthner cell axon hillock, thereby providing a type ofelectrical inhibition (Furukawa and Furshpan, 1963) . It is not known whether this type of regulation might influence release of the inhibitory neurotransmitter GABA onto the Purkinje cells.
Localization of mKvl.1 and mKvl.2 in neuronal cell bodies The mKv1. I and mKv1.2 proteins are also localized in cell somata, suggesting that these channels might regulate excitability of the cell soma. Specific action potential-generating somata that express mKv I. 1 and/or mKv I .2 include neurons from cerebellar nuclei (Llinas and Muhlethaler, 1988) cortical pyramidal cells in which the repolarizing phase of the action potential includes a delayed rectifier-like, voltage-dependent, slowly inactivating K+ current (Schwindt et al., 1988) , and mitral and tufted cells ofthe olfactory bulb in which spikes are recorded in response to odor stimulation (Hamilton and Kauer, 1985) . The presence of mKv 1.1 and/or mKv 1.2 in these cells suggests that these channels may help determine the shape of action potentials in these cell bodies and may thereby be involved in regulating discharge patterns such as interspike intervals and burst frequencies. Given that all neuronal somata are likely to express some type of K channel, we speculate that the rapidly activating, delayed rectifier-type properties of mKv I. 1 may, in particular, be expressed in somata that generate or transmit action potentials at high frequency.
Localization of mKv1. I and mKvI.2 in dendrites
In mitral cells of the olfactory bulb, mKv 1.2 protein is observed in proximal dendrites. Functionally distinct from the glomerular dendritic tuft, which is concerned with reception and processing of the olfactory input, the mitral cell primary dendritic shaft has as its main function the transfer of information from the Note also the closely opposed parallel membranes with apparent cleft material at the junction. Inset, Immunoreaction product localized in two axons (arrows) containing vesicles (I'), which form specialized junctions with another presumed axon. Note the immunoreaction product ofa-Kvl.2 amongst the vesicles and near the membrane specializations. Scale bars: a, 250 Fm.; b, 50 km; c, 2 Frn; d and inset in e, 0.5 pm; e, 0.25 pm.
glomerular tuft to the cell body (Shepherd and Greer, 1990) . Although it is not clear whether these proximal dendrites conduct input signals by passive or active membrane properties, it is likely that the presence ofthe mKv 1.2 channel in the dendrite regulates the conduction of information to the cell body. mKv 1.1 is also present in proximal dendrites of the magnocellular cells ofthe cochlear nucleus, pontine nucleus, peritrigeminal nucleus, and other nuclei in the brainstem, as well as in the apical dendrites of neocortical pyramidal cells. Recent evidence suggests that the apical dendrites of these layer V pyramidal cells receive synaptic input and conduct Na + -dependent action potentials to the cell soma (Refehr et al., 1993) . Thus, both mKvl.1 as well as mKvl.2 can be located in dendritic regions of neurons and may contribute to the repolarization ofaction potentials in those dendrites.
We and others have shown that the Kv 1.1 and Kv 1.2 mRNAs are present in a specific subset of neurons in the CNS. Using specific antibodies, we show here that each channel is localized, and often colocalized, to specific subcellular regions of neurons in the mouse brain. The subcellular domains occupied by each channel include cell somata, axons, and dendrites. The determinants of this pattern of gene expression and channel localization are not known, nor do we understand the mechanisms by which the expressed proteins are targeted to, and maintained in, specific subcellular locations. It is likely that multiple factors are involved in these processes. Factors extrinsic to the channel sequences themselves may include influences from trophic factors, contact with neuroglia, and neuronal activity. Intrinsic structural signals in the channel protein may also be required to interact with special trafficking proteins in the cell or anchor proteins at specific subcellular locations. One candidate for this function is the 38 kDa protein that is associated with the dendrotoxin-sensitive mKv 1.1 and mKv 1.2 channels (Rehm et al., 1989) and may be functionally analogous to the 43 kDa protein that is involved in aggregating ACh receptors (Maimone and Merlie, 1993) .
